Substituent effects on 1 H and 13 C NMR chemical shifts of 5-substituted phenyl-3-phenyl-4,5-dihydro-1,2,4,5-oxadiazaboroles (1a-r) were studied respectively. Single and duel substituent parameters were used for the correlation analysis of substituent-induced chemical shifts with σ, F and R constants. The calculations have shown the polar and resonance substituent effects on N-H proton and C=N carbon atoms. The ρ value was found positive for compounds (1a-r), which means that the substituent effect is normal. Additionally, crystal structure of compound (1i) was also studied. Density functional theory (DFT) calculations were carried out to calculate the theoretical chemical shifts, bond distances and bond angles.
Introduction
In medicinal chemistry, boron compounds have great potential in drug discovery. These compounds have been reported in the literature as having potential biological activities [1] [2] [3] [4] [5] . Some of these are: heterocyclic aminoboron compounds (antituberculosis agents) [6] , boron-containing GSK2251052 (antimicrobial agent) [7] , oxaboroles (antibacterial prototypes) [8] , α-amino cyclic boronates (inhibitors of HCV NS3 protease) [9] , benzoxaboroles (anti-inflammatory agents) [10] , boronic acid esters (antibacterial agents) [11] , boron-containing thiosemicarbazones (antifungal agents) [12] , organoboron derivatives (antimicrobial and antifertility activities) [13] and aryl boronate esters (antimicrobial agents) [14] . The other heterocyclic systems containing B-N bonds also show biological activities. Hence, oxadiazaboroles should be interesting compounds for biological activity studies. When we consider the structure of 1,2,4,5-oxadiazaboroles, the presence of oxygen-, nitrogen-and boron-in the five-membered heterocycle system, it can be expected some physiological activities. In relation to this, the study of the transmission of substituent effects on these heteocyclics may provide better insight for their structure-activity relationships.
The chemical shifts in 1 H and 13 C NMR spectra are often used for the study of the transmission of substituent effects on molecules. Analysis of the substituent chemical shifts (SCS) is based on Hammett or modified Hammett equations [15] [16] [17] [18] .
In this study, we calculated the 1 H and 13 C NMR chemical shifts in 5-substituted phenyl-3-phenyl-4,5-dihydro-1,2,4,5-oxadiazaboroles (1a-r) ( Figure 1 ) in order to get an insight into the factors that effect the chemical shifts of the compounds by using linear free energy relationships (LFERs). The equations (1) and (2) have been used for the measurements as given below.
In the equations, σ is Hammett substituent constant [18] , ρ shows the sensitivity of 1 H and 13 C NMR chemical shifts to substituent effects, ρ F and ρ R give the information about nonconjugative and conjugative effects respectively and q is the intercept. ρ F and ρ R are relative measures of the transmission of inductive and resonance effects through the system. When a fit correlation with equation (1) is obtained, the use of equation (2) shows the nonconjugative (ρ F ) and conjugative effects (ρ R ).
Additionally, crystal structure of compound (1i) was also studied.
Computer aid is ranging from molecular design to architectural design [19, 20] and also helps to control the experimental data. Therefore, we performed density functional theory (DFT) calculations on compounds (1a-r) to characterize their three-dimensional structures, predict their 13 C=N and 1 H-N chemical shifts.
Materials and methods
1 H NMR and 13 C NMR spectra were recorded on Varian Mercury Plus (300 MHz for proton, 75 MHz for carbon) High Performance Digital FT-NMR spectrometer using DMSO-d 6 for compounds (1a-r) with Me 4 Si as the internal standard. The measurements were carried out with low sample concentration (0.1 M) to reduce intermolecular effects. For the synthesis of compounds (1a-r), literature method [21] was applied and the spectral data of the compounds have been reported. All the statistical calculations were done by SigmaPlot program package.
Calculation method for NMR studies
The calculations for the geometry optimizations of the compounds (1a-r) were done by DFT method on the basis of B3LYP exchange-correlation functional with 6-31++G(d,p) basis set. The 1 H and 13 C chemical shifts were calculated by the gauge-including atomic orbital (GIAO) method [22] [23] [24] [25] at the DFT B3LYP/6-31++G(d,p) level of theory and were referenced to the calculated chemical shifts of DMSO-d 6 , optimized at the same level of theory. Gaussian 03W program [26] was used for the calculations and the calculations were also carried out with unrestricted opened-shell formalism.
Results and discussion

X-Ray diffraction analysis
Compound (1i) was crystallized from acetone-hexane mixture, yielding single crystals for X-ray diffraction analysis. Suitable crystal of 1i was selected for data collection which was performed on a Bruker D8 QUEST diffractometer equipped with a graphite-monochromatic Mo-K α radiation at 296 K. The structure was solved by direct methods using SHELXS-97 [27] and refined by full-matrix least-squares methods on F 2 using SHELXL-97 [27] from within the WINGX [28] suite of software. Hydrogen atoms bonded to C and N were refined using a riding model, with C-H=0.93 Å and N-H=0.86 Å. Molecular diagrams were created using MERCURY [29] . Supramolecular analyses were made and the diagrams were prepared with the aid of PLA-TON [30] . Details of data collection and crystal structure determinations and selected atomic parameters are given in Tables 1 and 2 . The molecular structure of 1i with the atom labeling is shown in Figure 2 . 3 and 4 ). Atom N1 atom acts as hydrogen-bond donor, via atom H1, to atom N2 in the molecule at (x+1, y, z), forming a C(4) chain running which is parallel to the a axis ( Figure 3 ). Compound (1i) also contains four C-H···π and one π···π interactions. An intermolecular π···π contact occurs between the two symmetry-related rings of neighbouring molecules. The distance between the ring centroids is 3.563(5) Å. The combination of C-H···π and π···π interactions produce 3D supramolecular network.
Substituent effects on 13 C=N and 1 H-N chemical shifts of (1a-r)
We have also obtained experimental and theoretical 13 C and 1 H NMR chemical shifts of C=N carbon and N-H proton in 5-substituted phenyl-3-phenyl-4,5-dihydro-1,2,4,5-oxadiazaboroles (1a-r) ( Figure 1 ) to search the factors that effect the change of the chemical shifts. The correlations between the expimental and theoretical values gave fair results (Table 5) ; r: 0.812 (for 13 C chemical shifts) and r: 0.670 (for 1 H chemical shifts). The values of 13 C=N and 1 H-N refer to the center peak of DMSO-d 6 which have the values of 39.50 ppm and 2.50 ppm for 13 C and 1 H respectively. The aromatic 1 H NMR and 13 C NMR chemical shifts, measured for oxadiazaborole compounds (1a-r) [21] are given in Table 6 .
Correlations of 13 C and 1 H NMR chemical shifts of C=N carbon and N-H proton with σ were done. The good fits with positive ρ values were obtained (Table 7) . This shows that the changes in the electron density at C=N carbons and N-H protons are normal and not reverse [31] [32] [33] [34] [35] . This means that the substituent dipoles can not polarize π-units (as localized systems) through the space, because of the long distance.
In order to determine the relative importance of substituent resonance and field effects, DSP (dual sub- Table 3 . Hydrogen-bond parameters for 1i (Å, º). stituent parameter) analyses of the 13 C=N and 1 H-N chemical shifts were carried out. The ρ F and ρ R values are given in Table 8 (F and R substituent constants are taken from [18] ). As given in Table 8 , ρ R values are greater than the corresponding ρ F values. This shows that C=N carbon and N-H proton in the heterocyclic ring are more sensitive towards the substituent resonance effects through resonance Structures III, IV and V ( Figure 5 ) rather than polar substituent effects (Figure 4 , Structures I and II). 
Conclusions
In this study, we have carried out the combined experimental and theoretical spectroscopic analysis of 5-substituted phenyl-3-phenyl-4,5-dihydro-1,2,4,5oxadiazaboroles (1a-r), using 1 H, 13 C NMR techniques and DFT. In general, good correlations between experimental and calculated values have been observed. X-ray studies helped in establishing the structure with optimized geometric parameters (bond lengths, bond angles and dihedral angles) which are determined by DFT theory and compared with the experimental data. The substituent chemical shift (SCS) values with applied linear free energy relationships (LFERs) analysis were correlated with Hammett type substituent constants and substituent effects from the aryl groups were observed to be efficiently transmitted to the heterocyclic framework of the compounds. The ρ F /ρ R values indicated that the resonance effect is significant at the C=N carbon and N-H proton of compounds (1a-r).
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